Introduction {#sec1}
============

Cardiac hypertrophy is an adaptive response to hemodynamic stress to compensate for cardiac dysfunction with an increase in cardiomyocyte size, enhanced protein synthesis, and a higher organization of the sarcomere.[@bib1], [@bib2] However, sustained stressful conditions, such as hypertension and valve diseases,[@bib3], [@bib4] may lead to pathological cardiac hypertrophy, which is characterized by enlarged left ventricular diameter and cardiac dysfunction[@bib1], [@bib5] and, ultimately, progress to heart failure, accounting for substantial morbidity and mortality worldwide.[@bib6] The underlying mechanisms are not fully understood; fetal gene reactivation, energy metabolism abnormality, and enhanced protein synthesis may be involved in this progression.[@bib2], [@bib7], [@bib8] Thus, in-depth studies are urgently needed.

MicroRNAs (miRNAs) are small non-coding RNAs 18--22 nt in length that induce gene silence by binding to the 3′ UTR of target mRNAs.[@bib9], [@bib10] Various miRNAs have been reported to play important roles in cardiac hypertrophy and heart failure. For example, miR-21-3p attenuates the cardiac hypertrophic response by targeting histone deacetylase-8,[@bib11] whereas heart-specific overexpression of miR-206 in mice protects the heart from ischemia and reperfusion injury by targeting forkhead box protein P1.[@bib12] Moreover, cardiac overexpression of miR-208a is sufficient to induce cardiac hypertrophy by repressing the expression of thyroid hormone-associated protein 1 and myosin.[@bib13] miR-133 promotes cardiac hypertrophy through Rhoa and Cdc42 in thoracic aortic constriction (TAC)-induced mice.[@bib14] These investigations indicate that miRNAs play significant roles in heart disease and may serve as promising therapeutic targets.

In previous studies, we identified dysregulated changes of several circulating miRNAs that could be ideal biomarkers for heart failure by comparing miRNAs expression patterns in both heart tissue and plasma samples from chronic heart failure (CHF) patients over controls. Global cardiac miRNA profile analysis revealed that miR-217, miR-216a-5p, miR-21-3p, miR-665, and miR-144-3p were the top five upregulated miRNAs in hearts from CHF patients.[@bib15] However, in plasma, the level of miR-217 was unchanged. Consistently, increased expression of miR-217 was also found in hearts from thoracic aortic banding (TAB) mice or heart-specific transgenic mice expressing activated calcineurin A (CnATg), and the expression of miR-217 in the plasma was not measured.[@bib16] Another study demonstrates that increased expression of miR-217 is detected in the hearts from TAB mice and in neonatal rat left ventricle myocytes treated with endothelin-1 (ET-1). Overexpression of miR-217 promotes pathological hypertrophy and fetal gene re-expression by targeting euchromatic histone lysine methyltransferase 1 (EHMT1/2).[@bib17] These findings indicate that miR-217 plays a significant role in cardiac dysfunction.

The heart is composed of diverse cellular components, including cardiomyocytes, fibroblasts, and endothelial cells. A number of studies have demonstrated the existence of a complex network among different cell types.[@bib18] miRNAs have emerged as regulators of cell-cell communication and paracrine signaling mediators during heart disease.[@bib19], [@bib20] Interestingly, miRNAs have been discovered in extracellular vesicles, which are small, membrane-derived particles. Exosomes are a well characterized subtype of secreted extracellular vesicles, which are endogenous nano-vesicles (30--100 nm) that can transfer biological messages and modulate signaling pathways in target cells.[@bib21], [@bib22], [@bib23] A recent study showed that cardiac fibroblast-derived miR-21-3p-enriched exosomes promote cardiomyocyte hypertrophy through targeting sorbin, SH3 domain-containing protein 2 (SORBS2), and PDZ and LIM domain 5 (PDLIM5).[@bib24] Cardiac progenitor cell-derived exosomal miR-21 inhibits apoptosis through downregulating PDCD4.[@bib25]

Here we investigated the potential role of miR-217 in cardiac hypertrophy and heart failure, and the results showed that cardiac miR-217 expression was increased in TAC-induced mice. Moreover, overexpression of miR-217 promoted cardiac hypertrophy by targeting phosphatase and tension homolog deleted on chromosome ten (PTEN) *in vivo* and *in vitro*. Furthermore, cardiomyocyte-derived exosomes promoted fibroblasts viability *in vitro*.

Results {#sec2}
=======

Expression of miR-217 in Cardiac Hypertrophy and Dysfunction {#sec2.1}
------------------------------------------------------------

First, the expression levels of miR-217 in cardiac tissue and plasma from CHF patients and controls were measured. The results showed that the level of miR-217 was significantly increased in cardiac tissue compared with the control population ([Figure 1](#fig1){ref-type="fig"}A) and that the cardiac miR-217 expression level was negatively correlated with cardiac function, as indicated by the left ventricular ejection fraction percentage (LVEF %) ([Figure 1](#fig1){ref-type="fig"}B). However, the plasma miR-217 levels remained unchanged ([Figure 1](#fig1){ref-type="fig"}C). Moreover, echocardiographic analysis revealed that TAC induced cardiac hypertrophy in mice ([Figure 1](#fig1){ref-type="fig"}D). Consistently, increased expression of miR-217 was also detected in the hearts of TAC mice ([Figure 1](#fig1){ref-type="fig"}E). Finally, the expression of miR-217 was also increased in H9c2 cells treated with angiotensin II (Ang II) ([Figure 1](#fig1){ref-type="fig"}F). These results indicate that miR-217 may play a key role in cardiac hypertrophy and CHF.Figure 1Expression of miR-217 in Cardiac Hypertrophy and Dysfunction(A) Real-time PCR analysis of miR-217 expression in human myocardial tissue (control, n = 9; heart failure \[HF\], n = 17) from chronic heart failure patients. (B) Linear correlation between miR-217 levels and LVEF %. (C) qPCR analysis of miR-217 expression in blood plasma (control, n = 32; HF, n = 32). (D) Hypertrophic parameters in sham and TAC mice; \*p \< 0.05 versus sham. (E) The levels of miR-217 in TAC-induced mouse hearts; n = 6, \*p \< 0.05 versus sham. (F) The expression of miR-217 in H9c2 cells treated with Ang II; n = 6, \*p \< 0.05 versus control. Data are shown as mean ± SEM.

miR-217 Promoted Cardiac Hypertrophy *In Vivo* and *In Vitro* {#sec2.2}
-------------------------------------------------------------

To investigate the role of miR-217 in cardiac hypertrophy, the type 9 recombinant adeno-associated virus (rAAV9) system was used in TAC-induced cardiac hypertrophic mice. As shown in [Figure 2](#fig2){ref-type="fig"}A, rAAV9 mainly induced miR-217 expression in the heart. We first detected the effects of miR-217 on cardiac hypertrophy under normal conditions. We found that miR-217 slightly increased left ventricular posterior thickness but showed no effects on heart weight and cardiac function compared with control mice ([Figure S1](#mmc1){ref-type="supplementary-material"}). Then we investigated the role of miR-217 under stress conditions. Overexpression of miR-217 aggravated cardiac hypertrophy, as indicated by increased heart size and heart weight/body weight radio in TAC mice, whereas rAAV9-miR-217-TUD reversed these effects ([Figures 2](#fig2){ref-type="fig"}B and 2C). Furthermore, the cardiomyocytes cross-sectional area determined by staining with H&E or wheat germ agglutinin (WGA) were increased in rAAV9-miR-217 mice ([Figure 2](#fig2){ref-type="fig"}D). These results indicated that miR-217 overexpression promoted cardiac hypertrophy induced by TAC, whereas miR-217 inhibition prevented cardiac hypertrophy.Figure 2miR-217 Promoted Cardiac Hypertrophy *In Vivo* and *In Vitro*(A) rAAV9 mediated miR-217 expression in the heart, liver, spleen, lungs, and kidneys. \*p \< 0.05 versus sham. (B) Cardiac expression of miR-217 was detected by real-time PCR assays; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+GFP. (C) The ratio of heart weight to body weight (HW/BW) and heart size of mice; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP; &p \< 0.05 versus TAC+GFP. (D) H&E and WGA staining of transverse sections of cardiomyocytes from TAC-induced mice with various treatments. Scale bars, 100 μm and 25 μm. The size of cardiomyocytes was quantified by measuring the transverse cell area. \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP; &p \< 0.05 versus TAC+GFP. (E) Echocardiography analysis of cardiac function in TAC-induced mice. LVPW,d, left ventricle posterior wall thickness at diastole; EF, ejection fraction. \*p \< 0.05 versus sham; \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+GFP. (F) Hemodynamic parameters measured with the Millar cardiac catheter system in mice with different treatments. dp/dt~max~, peak instantaneous rate of left ventricular pressure increase; dp/dt~min~, peak instantaneous rate of left ventricular pressure decline. \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+GFP. (G) Relative expression of cardiac hypertrophy marker genes of heart samples from variously treated mice detected by real-time PCR; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+GFP. (H) Measurement of the surface area of H9c2 cells by FITC-phalloidin staining. Scale bar, 25 μm. \*p \< 0.05 versus control, \#p \< 0.05 versus Ang II+random mimics, &p \< 0.05 versus Ang II+inhibitor random. (I) The expression of markers of cardiac hypertrophy were detected by real-time PCR in H9c2 cells with various treatments; \*p \< 0.05 versus control, \#p \< 0.05 versus Ang II+mimics random, &p \< 0.05 versus Ang II+inhibitor random. Data are shown as mean ± SEM.

Cardiac structure and function were evaluated by echocardiography and invasive pressure-volume analysis, respectively. Echocardiographic analysis showed a marked increase in diastolic left ventricular posterior thickness but a decrease in LVEF % in TAC mice compared with control mice ([Table S4](#mmc1){ref-type="supplementary-material"}; [Figure 2](#fig2){ref-type="fig"}E). Consistently, overexpression of miR-217 aggravated cardiac dysfunction in mice induced by TAC, whereas miR-217-TUD alleviated cardiac dysfunction detected by Millar cardiac catheter ([Table S5](#mmc1){ref-type="supplementary-material"}; [Figure 2](#fig2){ref-type="fig"}F). These results were further supported by changes in the expression levels of heart failure biomarkers ANP, BNP, β-major histocompatibility complex (MHC), and α-MHC ([Figure 2](#fig2){ref-type="fig"}G). *In vitro* experiments were also carried out. H9c2 cells were transfected with miR-217 and miR-217 inhibitor and then treated with Ang II. Similarly, miR-217 promoted Ang II-induced cell hypertrophy indicated by fluorescein isothiocyanate (FITC)-phalloidin staining, whereas the miR-217 inhibitor attenuated this effect ([Figure 2](#fig2){ref-type="fig"}H). Consistent with the *in vivo* data above, miR-217 enhanced the expression of ANP, BNP, and β-MHC but downregulated the expression of α-MHC, whereas the miR-217 inhibitor had the opposite effect ([Figure 2](#fig2){ref-type="fig"}I). These results were further confirmed in experiments performed with primary cardiac myocytes ([Figure S2](#mmc1){ref-type="supplementary-material"}). All of these results indicated that miR-217 promoted cardiac hypertrophy and dysfunction.

miR-217 Binds to the 3′ UTR of PTEN {#sec2.3}
-----------------------------------

Target genes of miR-217 were predicted in Targetscan, which yielded 200 candidate genes. After pathway and gene ontology (GO) analysis, we obtained 25 potential target genes that may be involved in heart diseases. However, only five of them are conserved among humans, mice, and rats in the 3′ UTR: PTEN, PDE5A, ATG7, MAPK1, and ANLN. Then, RNA co-immunoprecipitation with anti-Ago2 antibodies was performed to detect the putative targets of miR-217. The results showed that miR-217 transfection significantly increased the binding mRNA levels of PTEN and PDE5A ([Figure 3](#fig3){ref-type="fig"}A). Because PTEN was the highest increased mRNA and the cardiac expression of PTEN was decreased in TAC mice compared with control mice, PTEN was chosen as the potential target of miR-217 ([Figure 3](#fig3){ref-type="fig"}B). Next, the 3′ UTR of PTEN was constructed to luciferase reporter plasmid for co-transfection to HEK293T cells with random mimics or miR-217. The results showed that the relative luciferase activity of the PTEN 3′ UTR reporter treated with miR-217 was significantly suppressed compared with transfection with random mimics or the mutant reporter or empty vector transfected with miR-217 ([Figure 3](#fig3){ref-type="fig"}C). Furthermore, the level of PTEN in H9c2 cells transfected with miR-217 was suppressed compared with random mimics detected by western blots ([Figure 3](#fig3){ref-type="fig"}D).Figure 3miR-217 Binds to the 3′ UTR of PTEN(A) The levels of mRNA in miR-217-transfected cells detected by RNA binding protein immunoprecipitation; \*p \< 0.05 versus random mimics. (B) The expression of PTEN in TAC mice; \*p \< 0.05 versus sham. (C) Luciferase activity was determined; n = 3, \*p \< 0.05 versus random mimics. (D) The protein level of PTEN was examined by western blot analysis from variously treated H9c2 cells; \*p \< 0.05 versus random mimics.

Restored PTEN Eliminated the Effects of miR-217 Overexpression in Cardiac Hypertrophy {#sec2.4}
-------------------------------------------------------------------------------------

To further explore the role of the miR-217/PTEN pathway in cardiac hypertrophy, we restored the expression of PTEN in miR-217-treated TAC mice using rAAV9-PTEN. Real-time PCR assays showed that miR-217 suppressed the mRNA expression of PTEN in TAC-induced mice, whereas rAAV9-PTEN restored PTEN expression ([Figure 4](#fig4){ref-type="fig"}A). Similar results were also found by western blots ([Figure 4](#fig4){ref-type="fig"}B). PTEN re-expression alleviated the hypertrophic effects of miR-217 overexpression in TAC-induced mice, as indicated by decreased heart size and heart weight/body weight ratio, compared with miR-217-treated TAC mice ([Figure 4](#fig4){ref-type="fig"}C). The results were also confirmed by cardiomyocyte cross-sectional area, determined by HE staining and WGA staining ([Figure 4](#fig4){ref-type="fig"}D). Echocardiography and invasive pressure-volume measurements showed that restored PTEN expression reversed not only cardiac dysfunction in rAAV9-miR-217-treated TAC mice ([Tables S6](#mmc1){ref-type="supplementary-material"} and [S7](#mmc1){ref-type="supplementary-material"}; [Figures 4](#fig4){ref-type="fig"}E and 4F) but also the slightly increased wall thickness in rAAV9-miR-217-treated normal mice ([Tables S8](#mmc1){ref-type="supplementary-material"} and [S9](#mmc1){ref-type="supplementary-material"}). In addition, restored PTEN expression reversed the effects of miR-217 in the expression of heart failure markers, including ANP, BNP, β-MHC, and α-MHC ([Figure 4](#fig4){ref-type="fig"}G).Figure 4Restored PTEN Eliminated the Effects of miR-217 Overexpression in Cardiac Hypertrophy(A) Cardiac expression of PTEN was detected by real-time PCR assays; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+miR-217. (B) The protein level of PTEN was measured by western blot; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+miR-217. (C) The ratio of HW/BW and heart size of mice; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+miR-217. (D) H&E staining and WGA staining of transverse sections of cardiomyocytes from TAC-induced mice with various treatments. Scale bars, 100 μm and 25 μm. The size of cardiomyocytes was quantified by measuring the transverse cell area; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+miR-217. (E) Echocardiography analysis of cardiac function in TAC-induced mice; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+miR-217. (F) Hemodynamic parameters were measured with the Millar cardiac catheter system in mice with different treatments; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+miR-217. (G) The expression of cardiac hypertrophy marker genes of heart samples from variously treated mice was detected by real-time PCR; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+miR-217. Data are shown as mean ± SEM.

Further, the roles of PTEN in cardiac hypertrophy were investigated *in vitro*. Small interfering RNA (siRNA)-PTEN (si-PTEN) was used to downregulate PTEN expression in H9c2 cells. Three si-PTENs were designed, and the third one (si-PTEN-3) most efficiently inhibited its expression ([Figure 5](#fig5){ref-type="fig"}A). As shown in [Figure 5](#fig5){ref-type="fig"}B, si-PTEN aggravated Ang II-induced cell hypertrophy, as found by measuring the cell surface area. Real-time PCR assays showed that si-PTEN upregulated the expressions of ANP, BNP, and β-MHC but decreased α-MHC expression ([Figure 5](#fig5){ref-type="fig"}C). These findings were further confirmed in primary cardiac myocytes ([Figure S3](#mmc1){ref-type="supplementary-material"}).Figure 5si-PTEN Aggravated Cardiac Hypertrophy *In Vitro*(A) The efficiency of siRNA on PTEN expression was detected by western blot. (B) Measurement of the surface area of H9c2 cells transfected with siRNA control (siRNA-con) or si-PTEN. Scale bar, 25 mm. Also shown is quantification of the size of H9c2 cells; n = 3, \*p \< 0.05 versus control, \#p \< 0.05 versus Ang II+siRNA-con. (C) The expression of marker genes of cardiac hypertrophy in si-PTEN-treated H9c2 cells was detected by real-time PCR; n = 3, \*p \< 0.05 versus control; \#p \< 0.05 versus Ang II+siRNA-con. (D) The protein levels of p-AKT/AKT in TAC-induced mice; \*p \< 0.05 versus sham, \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+miR-217. Data are shown as mean ± SEM.

PTEN plays a significant role in cardiac hypertrophy by dephosphorylating phosphatidylinositol 3,4,5-trisphosphate (PIP3) to inactive the AKT pathway, which is important for cell growth in cardiac hypertrophy.[@bib26] We found that p-AKT/AKT levels were elevated in miR-217-treated mice, whereas restored PTEN expression attenuated the effects of miR-217 ([Figure 5](#fig5){ref-type="fig"}D). All of these results indicate that miR-217 aggravates cardiac hypertrophy and dysfunction by suppressing PTEN expression to active the AKT pathway.

Cardiomyocyte-Derived miR-217-Enriched Exosomes Promoted Fibroblast Viability {#sec2.5}
-----------------------------------------------------------------------------

Further, we found that miR-217 aggravated TAC-induced myocardial fibrosis, as detected by Masson and Sirius Red staining ([Figure 6](#fig6){ref-type="fig"}A). Thus, the expression of miR-217 in cultured human cardiomyocytes and human fibroblasts was measured to determine the cell type distribution. Treatment with Ang II increased the expression of miR-217 in human cardiomyocytes rather than in human fibroblasts ([Figure 6](#fig6){ref-type="fig"}B). The expression of miR-217 in primary cardiomyocytes and fibroblasts from hearts of control and TAC mice were measured, respectively. As shown in [Figure 6](#fig6){ref-type="fig"}C, miR-217 was enriched in cardiomyocytes compared with fibroblasts in sham mice, but it was increased in both cell types in TAC-induced mice. Thus, we tried to investigate the potential paracrine miRNA crosstalk between cardiomyocytes and cardiac fibroblasts. Exosomes were purified from cellular supernatant treated with Ang II or miR-217 detected by CD63 protein expression and electron microscope ([Figures 6](#fig6){ref-type="fig"}D and 6E). The expression level of miR-217 was increased in exosomes from H9c2 cells treated with Ang II or miR-217 ([Figure 6](#fig6){ref-type="fig"}F). CD63 levels were also increased in miR-217-treated mice, as detected by immunohistochemistry ([Figure 6](#fig6){ref-type="fig"}G). Importantly, miR-217-containing exosomes promoted fibroblasts viability, as detected by cell count kit-8 assays ([Figure 6](#fig6){ref-type="fig"}H). Marker genes expression of fibrosis, such as colα1, colα2, and fibronectin, was also increased in exosome-treated fibroblasts ([Figure 6](#fig6){ref-type="fig"}I).Figure 6Cardiomyocyte-Derived miR-217-Enriched Exosomes Promoted Fibroblast Viability(A) miR-217 promoted cardiac fibrosis, as detected by Masson and Sirius Red staining in TAC-induced mice; \*p \< 0.05 versus sham; \#p \< 0.05 versus TAC+GFP, &p \< 0.05 versus TAC+GFP. (B) The expression of miR-217 in human cardiomyocytes and human cardiac fibroblasts treated with Ang II; \*p \< 0.05 versus control. (C) The distribution of miR-217 in primary cardiomyocytes and primary cardiac fibroblasts; \*p \< 0.05 versus sham. (D) Exosomes detected by western blot for CD63. (E) Exosomes detected by electron microscopy. (F) The expression of miR-217 was increased in exosomes, as measured by real-time PCR; \*p \< 0.05 versus control. (G) The level of CD63 in miR-217-treated mice was increased, as detected by immunohistochemical staining; \*p \< 0.05 versus sham; \#p \< 0.05 versus TAC+GFP; &p \< 0.05 versus TAC+GFP. (H) miR-217-containing exosomes promoted fibroblast viability, as detected by cell count-8 assays; \*p \< 0.05 versus control. (I) The expression of colα1, colα2, and fibronectin in miR-217-containing, exosome-treated fibroblasts; \*p \< 0.05 versus control; \#p \< 0.05 versus Ang II + random mimics.

Discussion {#sec3}
==========

Previously, we reported that miR-217 was highly expressed in the hearts of CHF patients by using miRNA arrays.[@bib15] The current study showed that cardiac miR-217 was upregulated in pressure overload-induced hypertrophic mice. rAAV9-mediated expression of miR-217 in TAC-induced mice demonstrates that overexpression of miR-217 aggravates TAC-induced cardiac hypertrophy and dysfunction. Conversely, rAAV9-miR-217-TUD mice protected the heart from pathological hypertrophy induced by pressure overload.

MiR-217 lies in human chromosome 2 and mouse chromosome 11, which is conserved among humans, rats, and mice.[@bib27] Recently, many studies have shown that miR-217 plays multiple roles in physiological and pathological processes. For example, mir-217 promotes inflammation and fibrosis in high-glucose-cultured rat glomerular mesangial cells via the Sirt1/HIF-1α signaling pathway.[@bib28] MiR-217 mediates the protective effects of the dopamine D2 receptor on fibrosis by targeting Wnt5a in human renal proximal tubule cells.[@bib29] Overexpression of transforming growth factor β1 (TGF-β1) triggers deregulation of the miR-217-SIRT1 pathway and then promotes the epithelial-mesenchymal transition process.[@bib30]

In this study, we used the rAAV9 gene delivery system to induce miR-217 expression in the heart. Previous studies showed that rAAV9 has a preference for heart tissue in terms of transduction efficiency and transgene expression compared with rAAV2 and rAAV8.[@bib31] However, rAAV9-delivered miR-217 may also target other organs, such as the liver and kidney, and may also exert functions on these organs; thus, potential systemic effects of miR-217 should not be ruled out.[@bib32] Organ-specific miR-217 transgenic or knockout mice can be used to regulate miR-217 expression in the heart to further explore the role of miR-217 in cardiac hypertrophy and heart failure.

Using bioinformatics and RNA co-immunoprecipitation analysis, we predicted and validated PTEN as a direct target of miR-217. PTEN is a membrane-bound lipid phosphatase and functions essentially as a negative regulator of the phosphatidylinositol 3-kinase (PI3K)/AKT pathway.[@bib33], [@bib34] PTEN is universally expressed in cardiomyocytes, fibroblasts, and endothelial cells and plays important roles in cell survival, hypertrophy, contractility, and metabolism.[@bib35] Cardiomyocyte-specific inactivation of PTEN results in cardiac hypertrophy and a dramatic decrease in cardiac contractility via the PI3K/AKT signaling pathway. PI3Kα mediates alteration in cell size, whereas PI3Kβ acts as a negative regulator of cardiac contractility.[@bib26] Other studies also showed that the tyrosine kinase-receptor p110-PTEN pathway is a critical regulator of cardiac cell size,[@bib36] and the G protein-coupled receptor (GPCR)-linked PI3Kβ-PTEN signaling pathway modulates heart muscle contractility.[@bib37] Recently, it was found that miR-22 promotes Ang II-induced rat cardiomyocyte hypertrophy by targeting PTEN.[@bib38] All of this indicates that PTEN plays a significant role in heart disease, especially in cardiac hypertrophy. In the current study, we constructed rAAV9-PTEN to restore PTEN expression in rAAV9-miR-217 TAC-induced mice, and the results showed that restoring PTEN attenuated miR-217-induced cardiac hypertrophy and dysfunction. On the other hand, si-PTEN promoted Ang II-induced cell hypertrophy *in vitro*, which is consistent with the effects of miR-217 on cardiac hypertrophy. These results suggest that PTEN is a direct target of miR-217 and that the miR-217/PTEN pathway plays a significant role in cardiac hypertrophy. However, one single miRNA can regulates dozens to hundreds of targets simultaneously. Genome-wide measurements of the effects of miRNAs on protein and mRNA levels have demonstrated that the degradation of miRNA targets is a about 66%--90% and that translational repression accounts for 6%--26% of the miRNA-mediated repression observed in cultured mammalian cells.[@bib39] However, the exact repression efficiency of one miRNA on one specific target gene has not been fully elucidated. One study indicated that miR-320 regulated cardiac ischemia and reperfusion injury by targeting Hsp20, which accounts for almost 30% of repression of Hsp20.[@bib40] Another study showed that miR-25 reduced 40% of the levels of the target gene IP3R1 in the failing heart and that miRNA-208a promoted cardiac hypertrophy by targeting Thrap1 and myostatin, whose inhibition efficiency is about 20% to 50% in mice.[@bib41] The downstream signaling network may exhibit interaction effects or a cascade reaction, which means that a mild trigger may lead to a tremendous end. In our study, PTEN is one of the targets of miR-217 on which the repression effect of miR-217 is about 40%, which is the average inhibition efficiency of miRNAs. MiR-217 may also target other genes, such as EHMT1, in cardiac hypertrophy, as reported by other researchers.[@bib17] Therefore, we think that PTEN is one of the main targets of miR-217 in cardiac hypertrophy, but we cannot exclude possible roles of other potential targets of miR-217 that may also contribute to cardiac hypertrophy.

Cardiac remodeling is a common response to chronic and acute cardiac injury, characterized by interstitial fibrosis and cardiac hypertrophy.[@bib42] Under disease conditions, such as hypertension and valve disease, myocytes undergo diverse functional, structural, and metabolic abnormalities, such as sarcomere disorganization and hypertrophy, as well as activation of fibroblasts and interstitial and perivascular fibrosis, which ultimately lead to left ventricular hypertrophy, dilatation, and heart failure.[@bib43] Recent studies have shown that the interactions between cardiac fibroblasts and cardiomyocytes are essential for progression of cardiac remodeling. Many factors participate in this progression, especially non-coding RNAs. Overexpression of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4 mediates Ang II-induced cardiac hypertrophy and cardiac fibrosis by activating the AKT/mTOR/nuclear factor κB (NF-κB) pathway.[@bib44] *In vivo* inhibition of miR-133 by a single infusion of antagomir caused marked and sustained cardiac hypertrophy,[@bib14] whereas cardiac overexpression of miR-133a prevented cardiac fibrosis via the ERK1/2 and SMAD-2 pathway.[@bib45] Moreover, miR-133a overexpression decreased hypertrophy-associated myocardial fibrosis and cardiomyocyte apoptosis.[@bib46] Exosome-mediated transfer of mRNA and miRNAs is a novel mechanism of genetic exchange between cells. It was found that Ang II stimulates release of exosomes from cardiac fibroblasts to upregulate rennin angiotensin system (RAS) in cardiomyocytes via activation of mitogen-activated protein kinases (MAPKs) and AKT, which promotes cardiac hypertrophy.[@bib47] Macrophage-derived miR-155-containing exosomes inhibit cardiac fibroblast proliferation by downregulating son of sevenless homolog 1 (SOS1) expression and promotes inflammation by decreasing suppressor of cytokine signaling 1 (SOCS1) expression.[@bib48]

Our study showed that the expression of miR-217 was significantly increased in the failing heart but remained unchanged in the plasma in CHF patients. Thus, we focused on the delivery and distribution of cardiomyocyte-derived miR-217, and we found a novel miRNA- and/or exosome-mediated communication between cardiomyocytes and cardiac fibroblasts. This indicates that miR-217 may play a role as a paracrine factor, not an endocrine one. In the *in vitro* study, we found that the expression of miR-217 was increased in exosomes from cardiomyocytes, indicating that miR-217 can be exported from cardiomyocytes via exosomes and transported to neighboring cells. However, the secretory mechanism and biological function of extracellular miRNAs remain unclear. Another study has shown that miR-217 can be a potential biomarkers of acute exocrine pancreatic toxicity in rats.[@bib49] Different disease models with different damaged organs may lead to different organ distributions. Some studies showed that exosomes mediate a number of paracrine signals; for example, vesicles secreted by the shear-responsive transcription factor Krüppel-like factor 2 (KLF2)-transduced or shear-stress-stimulated human umbilical vein endothelial cells (HUVECs) are enriched in miR-143/145 and regulate target gene expression in co-cultured smooth muscle cells (SMCs).[@bib50] Other studies showed that exosomes are present in body fluids; for example, cardiac pressure overload-induced AT1R-enriched exosomes target cardiomyocytes, skeletal myocytes, and mesenteric resistance vessels to confer blood pressure response to Ang II infusion in AT1R knockout mice.[@bib51] Human pericardial fluid contains exosomes enriched with cardiovascularly expressed miRNAs (e.g., let-7b-5p,miR-21-5p, and miR-23a-5p) are more abundant than plasma and promote therapeutic angiogenesis.[@bib52] Selective packaging of miRNAs into vesicles may be crucial for the specificity of the biological functions of secreted miRNAs, and the mechanisms need to be studied further.

In summary, our findings reveal that miR-217 is highly expressed in the hearts of CHF patients and aggravate pressure overload-induced cardiac hypertrophy and dysfunction by suppressing PTEN expression. Cardiomyocyte-derived miR-217-containing exosomes induce fibroblast proliferation and may promote cardiac fibrosis ([Figure 7](#fig7){ref-type="fig"}). These findings suggest that miR-217 plays important roles in cardiac hypertrophy and dysfunction, providing therapeutic targets for heart failure.Figure 7The Function of miR-217 in Cardiac HypertrophyStress conditions induced cardiac miR-217 expression, and overexpression of miR-217 aggravated TAC-induced cardiac hypertrophy and dysfunction by targeting PTEN to activate the AKT pathway. *In vitro*, cardiomyocyte-derived miR-217-containing exosomes promoted fibroblasts viability and increased the expression of colα1, colα2, and fibronectin.

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

DMEM and fetal bovine serum (FBS) were obtained from Transgen Biotech (Beijing, China). Exosome-free FBS was from SBI (San Francisco, CA). Ang II, FITC-phalloidin, and FITC-WGA were from Sigma-Aldrich (St. Louis, MO). Antibodies against BNP and ANP were purchased from Abcam (Cambridge, MA), whereas PTEN, p-AKT, total AKT, β-actin, and CD63 were from Proteintech (Chicago, IL). Plasmid purification kits were from TIANGEN (Beijing, China). Chemically synthesized miRNAs, siRNAs, and exosome isolation reagent were obtained from RiboBio (Guangzhou, China).

Human Samples {#sec4.2}
-------------

This study was approved by the Ethics Review Board of Tongji Hospital and Tongji Medical College and conformed to the principles of the Declaration of Helsinki. Informed consent was obtained from patients. Seventeen heart samples were collected from cardiac transplant patients with CHF, and nine heart samples were from accident victims. The baseline characteristics of the patients are listed in [Table S1](#mmc1){ref-type="supplementary-material"}. Plasma samples from 32 normal controls and 32 CHF patients were enrolled in a second cohort, and the baseline data are listed in [Table S2](#mmc1){ref-type="supplementary-material"}.

RNA Extraction and Real-Time PCR {#sec4.3}
--------------------------------

Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) and transcribed to cDNA using the Moloney murine leukemia virus (M-MLV) First-Strand cDNA Synthesis Kit according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). The expression of miR-217 and mRNA was quantified by real-time qPCR using Power SYBR Green PCR Master Mix (Invitrogen, Carlsbad, CA) on a 7900HT FAST real-time PCR system (Life Technologies, Carlsbad, CA). The primers for mRNA detection are listed in [Table S3](#mmc1){ref-type="supplementary-material"}. The results were analyzed using the 2^−ΔΔCt^ method as described previously.[@bib53] Each experiment was repeated three times independently.

rAAV {#sec4.4}
----

rAAV9 vectors containing hsa-miR-217, hsa-miR-217-TUD, PTEN, or GFP were constructed by triple plasmid co-transfection, respectively, as described previously.[@bib32] The vectors were purified and stored at −80°C before injection.

Animals {#sec4.5}
-------

The study was approved by the Institutional Animal Research Committee of Tongji Medical College. All animal experimental protocols complied with the Guide for the Care and Use of Laboratory Animals published by the NIH and Animal Research: Reporting of In Vivo Experiments (ARRIVE). Male C57BL/6 mice (10 weeks old) were purchased from the Experimental Animal Center of Hubei (Wuhan, China). Mice were randomly divided into groups (n = 20/group) as follows: sham, TAC, TAC+rAAV9-GFP, TAC+rAAV9-miR-217, TAC+rAAV9-miR-217-TUD, and TAC+rAAV9-miR-217+PTEN. rAAV9 vectors (1 × 10^11^ virion particles in 100 μL saline solution) were administrated via the tail vein. Two weeks after the rAAV9 injection, pressure overload was induced by TAC. A 7-0 polypropylene suture was looped around the aortic arch, and a stenosis was placed using a 27G needle as a space holder. The sham mice underwent the same operation without aortic constriction. Two weeks after the operation, all animals were anesthetized with intraperitoneal injections of a xylazine (5 mg/kg) and ketamine (80 mg/kg) mixture and sacrificed, and organs were collected and frozen in liquid nitrogen, followed by storage at −80°C.

Echocardiography and Hemodynamic Detection {#sec4.6}
------------------------------------------

Echocardiography analysis was performed using a high-resolution imaging system with a 30-MHz high-frequency scanhead (VisualSonics Vevo770, VisualSonics, Toronto, Canada) as described previously.[@bib54] The pressure-volume catheter (Millar 1.4F, SPR835, Millar Instruments, Houston, TX) was inserted into the left ventricle to measure instantaneous intraventricular pressure and volume as described previously.[@bib11]

Cell Culture {#sec4.7}
------------

H9c2 cells and 3T3 cells were obtained from the ATCC (Manassas, VA). The cells were cultured in DMEM supplemented with 10% FBS in a humidified atmosphere of 95% air and 5% CO~2~ at 37°C. Human cardiomyocytes and human cardiac fibroblasts were purchased from ScienCell Research Laboratories (San Diego, CA) and cultured as indicated by the manufacturer.

Cells were transfected with random mimics, miR-217, miR-217 inhibitor, or siRNA targeting rat PTEN using Lipofectamine 2000 (Invitrogen, CA) separately following the manufacturer's protocol. Twenty-four hours after transfection, cells were treated with 1 mM Ang II and then collected 24 hr later. Each experiment was repeated at least three times independently.

Isolation of Cardiomyocytes {#sec4.8}
---------------------------

Newborn (1-day-old) rat hearts were isolated and placed in ice-cold Hanks' medium and cut into pieces. Then the tissues were digested with trypsin and type II collagenase at 37°C. The cells were passed through a cell strainer (200 mesh), centrifuged at 1,000 *g* for 10 min, and then seeded onto Petri dishes and incubated for 2 hr at 37°C. The supernatant (cardiomyocytes) was plated in DMEM. Primary cells were identified by immunofluorescence staining with the cardiomyocyte-specific marker a2-actin (ACTN2, Sigma), the fibroblast-specific antigen prolyl-4-hydroxylase (P4HB, Acris), and the endothelial cell marker CD31 (PECAM1, Abcam) as described previously.[@bib11]

Western Blot {#sec4.9}
------------

Protein from cells or frozen animal tissues with various treatments were extracted and homogenized in ice-cold lysis buffer. Lysates (20 mg protein/lane) were subjected to 10% SDS-PAGE gel for separation and transferred onto polyvinylidene fluoride (PVDF) membranes. After blocking non-specific sites with 5% BSA for 2 hr at room temperature, the membranes were incubated with primary antibodies overnight at 4°C. After washing with Tris-buffered saline Tween (T-BST), the membranes were incubated with a peroxidase-conjugated secondary antibody for 2 hr at room temperature. The bands were visualized with enhanced chemiluminescence reagents according to the manufacturer's recommendations. Each experiment was repeated at least three times independently.

Histological Analysis {#sec4.10}
---------------------

Heart samples were fixed with 4% paraformaldehyde, embedded in paraffin, and finally sectioned into 4-mm slices. The morphology was detected by H&E staining, WGA, Masson, and Sirius Red staining and measured by Image-Pro Plus Version 6.0 software (Media Cybermetics, Washington).

FITC-Phalloidin Staining {#sec4.11}
------------------------

Cells were washed with PBS and fixed in 4% paraformaldehyde for 10 min followed by incubation in 0.1% Triton X-100 for 10 min. After washing with PBS, cells were incubated in FITC-phalloidin at 4°C overnight, and cells were subsequently visualized under a Nikon DXM1200 fluorescence microscope and measured by Image-Pro Plus Version 6.0 software (Media Cybermetics, Washington).

RNA Immunoprecipitation {#sec4.12}
-----------------------

Lysed cell extracts were immunoprecipitated with anti-Ago2 antibody (Abnova, Taiwan, China) or immunoglobulin G (IgG) (Santa Cruz Biotechnology, Santa Cruz, CA) using protein G Sepharose beads. After elution from the beads, bound RNA was extracted with Trizol and quantified by real-time PCR as described previously.[@bib32]

Luciferase Assay {#sec4.13}
----------------

The wild-type or mutant 3′ UTR of the human PTEN gene was cloned into the pMIR-REPORT luciferase vector (Ambion, Carlsbad, CA). For luciferase reporter assays, miR-217 or random mimics was co-transfected with the pMIR-PTEN 3′ UTR or the empty vector, respectively, as well as the pRL-TK plasmid (Promega, Madison, WI) using Lipofectamine 2000 in 293T cells. Luciferase activity was detected 24 hr after transfection using the Dual-Luciferase Reporter Assay System (Promega, Beijing, China) as described previously.[@bib32] Each experiment was repeated at least three times independently.

Exosome Isolation {#sec4.14}
-----------------

H9c2 cells were transfected with miR-217 mimics for 24 hr, and then the culture media were collected and centrifuged at 2,000 × *g* for 30 min at room temperature. The supernatants were transferred into new tubes, mixed with exosome isolation reagent, and stored at 4°C overnight. Then the mixtures were centrifuged at 1,500 × *g* for 30 min at 4°C, and the supernatants were discarded following the manufacturer's instructions. The pellets were resuspended in PBS. To confirm that the RNA was confined in the exosomes, the exosomes were treated with 0.4 μg/μL RNase for 10 min at 37°C as described previously.[@bib22]

Cell Viability {#sec4.15}
--------------

Fibroblasts were seeded in 96-well plates, and 24 hr later, they were transfected with cardiomyocyte-derived exosomes in 10 μL. Twenty-four hours later, 10 μL CCK8 reagent (Beyotime, Shanghai, China) was added per well, and the cells were cultured at 37°C for 0.5, 1, and 2 hr, respectively. The absorbance was detected at 450 nm following the manufacturer's recommendations.

Statistical Analysis {#sec4.16}
--------------------

Data are presented as mean ± SEM. Comparisons between two groups were performed with Student's t tests. For comparisons of more than 2 groups, one-way ANOVA was used. Linear correlation was analyzed using Pearson correlation analysis. Values of p \< 0.05 were considered statistically significant.
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